Abstract Aortic valvular stenosis (AVS), produced by calcific aortic valve disease (CAVD) causing reduced cusp opening, afflicts mostly older persons eventually requiring valve replacement. CAVD had been considered Bdegenerative,^but newer investigations implicate active mechanisms similar to atherogenesis-genetic predisposition and signaling pathways, lipoprotein deposits, chronic inflammation, and calcification/osteogenesis. Consequently, CAVD may eventually be controlled/ reversed by lifestyle and pharmacogenomics remedies. Its management should be comprehensive, embracing not only the valve but also the left ventricle and the arterial system with their interdependent morphomechanics/hemodynamics, which underlie the ensuing diastolic and systolic LV dysfunction. Compared to even a couple of decades ago, we now have an increased appreciation of genomic and cytomolecular pathogenetic mechanisms underlying CAVD. Future pluridisciplinary studies will characterize better and more completely its pathobiology, evolution, and overall dynamics, encompassing intricate feedback processes involving specific signaling molecules and gene network cascades. They will herald more effective, personalized medicine treatments of CAVD/AVS.
Introduction
Aortic valve stenosis (AVS) is the most common acquired valvular heart disease in the USA and western industrialized countries and is becoming more prevalent as the population demographics change, with an increasing proportion of the population over the age of 65. It is commonly expressed in old age as degenerative tri-leaflet valve calcification, inasmuch as rheumatic disease is nowadays rare, and it is also referred to as age-related degenerative or dystrophic calcific AVS, and as calcific aortic valve disease (CAVD). Some 2 % of the population have congenitally bicuspid aortic valves (BAV, see subsequent discussions), which are much more likely to calcify than tricuspid ones, and about 50 % of these will develop CAVD [1] [2] [3] . The AV leaflets are made up of specialized valvular endothelial and interstitial cells akin to fibroblasts and an extracellular matrix (ECM) that contains collagen, elastin, and glycosaminoglycans. Valve cells and the extracellular microenvironment are dynamic and reciprocally regulated; interstitial cells interact with their microenvironment directly via integrins, with biochemical signals through receptors, and with adjacent cells via cadherins [4, 5] . The valvular endothelium is an important regulator of (patho)physiological processes, including atherogenesis [6, 7] .
Molecular, Genomic, and Histopathologic Aspects of CAVD CAVD had formerly been considered as a passive and nonmodifiable wear-and-tear disease process that comes with advancing age. However, considerable evidence has now accumulated from molecular studies supporting a cell-mediated active malady involving risk factors and histopathophysiological features (endothelial cell and macrophage activation, proteolytic activity, and osteogenesis in inflamed valves with similarities to skeletal bone formation) that characterize atherosclerosis [6, 8, 9] . It was probably Leonardo da Vinci (1452-1519) [10] who first recognized atherosclerotic macroscopic changes; when he illustrated arterial atherosclerotic lesions in an elderly man at autopsy, he attributed the thickening of the vessel wall to Bexcessive nourishment^from the blood [11] . Interestingly, Leonardo's analysis of cusp geometry in relation to function identified the inherent mechanical advantage of a three-cusp aortic valve. He concluded that two cusps would not allow a sufficient aperture for efflux of the blood, and that four cusps would be too weak in closure, and that the three cusps that nature prescribed were optimal [10] . In 1905, the eminent pathologist Johann Georg Mönckeberg first described CAVD in Virchows Archiv as a passive process associated with rheumatic fever or aging [12] .
The recognition that CAVD arises from active cellular mechanisms involving genetic and epigenetic interactions implies that the causative processes might be targeted to treat medically, which has clear-cut restorative implications.
Interaction of Intrinsic Programmed Gene Expression and Local Epigenetic Factors
During the left ventricular (LV) pumping cycle, the aortic valve endothelium is subjected to complex fluid dynamic sways that are distinctly different on each side of the valve [13] . Intriguingly, endothelial phenotype is determined by a combination of intrinsic programmed gene expression and local epigenetic or environmental extrinsic factors [4, 5, 13] . Mechanical stresses on the cusps in conjunction with atherosclerotic risk factors can induce endothelial dysfunction/ leakage with buildup of lipids and minerals, which provoke inflammation and actuate valvular myofibroblasts and/or circulating pluripotent mesenchymal cells resulting in their osteoblastic metaplasia/transdifferentiation [14] ; these processes provoke ECM alterations and neovascularization [15] . Inversely, ECM composition and stiffness may, in turn, have a profound impact on the phenotype of valve interstitial cells, specifically fibroblasts, and ECM may contribute to their transdifferentiation to an osteoblast-like phenotype [16] [17] [18] . Leaflet collagen and elastin content commonly decline with age, and this is attended by an upregulated expression of elastolytic cathepsins and collagen-degrading matrix metalloproteinases-MMP-1 (fibroblast type collagenase), MMP-3 (stromelysin-1), MMP-9 (gelatinase B), and MMP-13 (collagenase-3); MMPs are strongly upregulated in CAVD and contribute to valvular remodeling and calcification [19] [20] [21] .
Degenerative AVS is caused by an initial loss of collagen followed by calcification of the valve tissues leading to flowassociated turbulence beyond the orifice [13] and an Batheroprone^hemodynamic environment of increased turbulent shear stresses and stretch applied on the valve cusps. This furthers inflammation and ECM remodeling and may contribute to early localization of the sclerotic valve calcification preferentially in the fibrosa, the interstitial layer on the aortic side (outflow surfaces) of the leaflets-cf. small inset depicting the calcific nodules, in Fig. 1 . An early, fluid dynamically insignificant stage of minor (cusp-tip) calcification is known as aortic valve sclerosis; its prevalence increases with age and it has a low rate of progression to AVS, but it can be significantly correlated with a compounded risk of coronary events, stroke, and cardiovascular mortality [22] .
Turbulence begets further collagen loss and tissue mineralization of the valve, scarring, and thickening that stiffen the leaflets (decreased pliability) and can lead to progressive narrowing of the valve opening with a significant increase in transaortic jet velocity and hemodynamic impediment. Recent findings indicate the development of highly heterogeneous, heavy hydroxyapatite-Ca 5 (PO 4 ) 3 OH-deposits within the calcific aortic valve tissues, leading to bone-like, rigid calcific nodules [23] . They suggest a gradual maturation process with changes in the composition of the valvular tissue akin to the multistep development of bone tissue during intramembranous ossification in the skull, where mesenchymal cells proliferate and condense to produce osteoblasts, which deposit a collagenproteoglycan osteoid matrix that is able to bind calcium into compact nodules [24, 25] .
Metabolic Factors Connected with CAVD Histopathology
The changes characterizing CAVD are actually brought about by a highly structured, dynamic, and extensively regulated chain of inflammation, fibrosis, and dystrophic calcification (not caused by hypercalcemia), which can result in gross leaflet thickening and induration with nodular atherocalcification and immobility encumbering opening. As the disease progresses, lipid molecules, inflammatory cells, and ECM are increased and there is breakdown and displacement of the elastic lamina [26] . There is direct molecular imaging evidence indicating that CAVD entails mechanisms similar to those involved in osteogenesis (Gk: bone formation) [27] . If untreated, CAVD progresses successively through secondary LV hypertrophy (Gk: increased growth), symptom development (angina, dyspnea on exertion, fatigability, fainting with exertion, heart palpitations), and ensuing decompensation with transition to heart failure [28] . After nodular calcium accretions grow within the valve, reversibility becomes uncertain; nevertheless, inflammation, neoangiogenesis, and early valvular ECM Fig. 1 Pathways involved in physiological and in pathological cardiac hypertrophy actuated in calcific aortic valve disease (CAVD). Signal transduction pathways pave the way for cellular mechanisms controlling gene expression; a cascade of molecules leading to the activation of one or more specific transcription factors is actuated. The extracellular signals in the form of ligands/effector molecules, which bind to specific receptors to initiate the hypertrophy producing pathways, are transcribed across the sarcolemma via an assortment of second messengers. In physiological forms of cardiomyocyte/myocardial growth, only direct mechanotransduction routes and the PI3K(p110α) lipid kinase-Akt serine/threonine kinase pathway are activated, downstream from receptor tyrosine kinases (RTK), leading to left ventricular (LV) remodeling involving replication of cardiomyocyte sarcomeres both in-parallel and in-series and an eccentric LV hypertrophy pattern with enhanced myocardial performance. On the other hand, in the pathological form of hypertrophy that is induced in conjunction with the LV pressure overload of CAVD (or hypertension), there ensues activation of a diverse, wider variety of signaling pathways, involving G Protein-Coupled Receptors (GPCR). GPCR mediate pathological cardiac hypertrophy through downstream mitogenactivated protein kinases (MAPKs) such as extracellular signalregulated kinases 1 and 2 (ERK1/2), and calcineurin, a Ca 2+ -dependent phosphatase that controls hypertrophic gene transcription by dephosphorylating transcription factors such as nuclear factor of activated T-cells (NFAT). This ultimately leads to the identifiable expression of a maladaptive genetic program, with activation of protein translation concluding with replication of cardiomyocyte sarcomeres inparallel and a typically concentric LV hypertrophy; these are complicated by cellular apoptosis and ECM fibrosis, by (subendocardial) ischemia with diastolic and systolic dysfunction and by transition to heart failure with subsequent LV chamber dilatation (see particulars in text) remodeling changes portending significant fibrosis and calcific nodule buildup may still overlap an applicable therapeutic window that precedes potentially irreversible fibrosis and ossification. Currently, late stages of CAVD are treated surgically, because no medical treatments exist yet to reverse, slow, or halt advanced disease aftermaths.
Actually, a genetic susceptibility toward elevations in lowdensity lipoprotein cholesterol, but not in high-density lipoprotein (HDL) cholesterol or triglycerides, is connected with the manifestation of aortic valve atherocalcific changes and the occurrence of CAVD [29] ; moreover, it has been shown that lowering plasma cholesterol levels halts progression of aortic valve disease in mice [30] . Patients with visceral obesity [31] have low HDL levels with elevated levels of circulating lowdensity lipoprotein (LDL); the small and dense LDL particles have a higher ability to infiltrate the aortic valve and are quickly transformed to oxidized LDL owing to the low HDL levels with a reduced anti-inflammatory activity. Inflammatory cells are then attracted within the aortic valve, and macrophages are stimulated by oxidized LDL to turn out cytokines such as tumor necrosis factor (TNF)-alpha, which promotes an osteoblast-like phenotype in human aortic valve myofibroblasts [32] ; osteoblast differentiation processes in CAVD with or without BAV disease (BAVD; see below) are also mediated by the Lrp5/Wnt3 pathway [33] . Remarkably, interleukin-6 (IL-6) mediates the mineralization of the aortic valve, although in bone it activates osteoclastogenesis, the development of osteoclasts-Gk: bone-breaker, a type of bone cell that breaks down bone tissue [34] . Epidemiological data show that, in humans too, statin therapy is associated with slowing of the hemodynamic progression of CAVD [35, 36] . Nevertheless, there is controversy and conflicting reports too [37] [38] [39] [40] , suggesting that additional unknown factors may well contribute to the progression of CAVD.
BAV Disease Particularities
Plausible explanations for the aforementioned (see Introduction) higher prevalence and earlier-onset CAVD in BAV patients include the abnormal fluid dynamic stress and strain patterns sustained by the cusps, which may initiate/ accelerate the biopathologic processes of CAVD; alternatively, the genomic variants that underlie BAV may result in CAVD, more or less independently of the associated fluid dynamic disturbances. BAVD has a strong genetic basis and may accompany many other congenital cardiovascular defects including coronary artery anatomic anomalies, aortic coarctation, patent ductus arteriosus, ventricular septal defects, and Marfan syndrome [41] ; however, the precise causes and intricate interactions that may implicate signaling pathways of BAV calcification and aortic root dilatation, as well as the multiscale interconnected effects of valvular calcification, hemodynamics, and aortic medial degeneration remain unknown.
Turbulent flow disturbances and ascending aortic dilatation are common in BAVD, even in absence of significant aortic stenosis or regurgitation. The aortopathy of BAVD is attended by cystic medial degeneration, variations in signaling pathways and matrix metalloproteinase activity, and by apoptosis [4, 5] , thus putting the patient with BAV at increased risk for aortic aneurysm and dissection-such complications can cause problems during and after aortic valve replacement. Combining the various new tools for discovery, as developed in subsequent sections of this survey, promises to yield burgeoning insights into the genomic underpinnings of BAV and CAVD.
Genome-wide Association Studies of CAVD
Up to now, investigations into genetic risk factors underpinning disease susceptibility to CAVD may have examined data from large numbers of patients but while focusing on only a small number of gene variants, one at a time. New proteomic approaches that entail genome-wide association studies (GWAS) [41] [42] [43] sequencing both haploid genomes of individuals should identify genomic variations, such as loci of common single-nucleotide polymorphisms (SNPs) [41, 43] across the genome, and correlate them with susceptibility to CAVD and severity of AVS, with the ultimate goal of defining causal genetic pathways and molecular mechanisms [44] . I have examined difficulties and caveats of such studies of multifactorial diseases recently [41] ; they pertain primarily to the fact that expressed traits/phenotype are the outcome of primary causal mutations/variants, of modifier genes ushering into the picture gene-gene interactions (GxG), and also of environmental factors contributing gene-environment (GxE) interactions. Once we identify diverse pathobiologic mechanisms controlling why certain individuals develop CAVD, while others live well into old age without expressing it, we may be in position to identify rational targets for the development of small-molecule, gene transfer, or cell-based therapies to prevent or retard the progress of CAVD and to customize such treatments as needed in variously susceptible individuals-personalized medicine!
Diagnostic Assessment
In the diagnostic evaluation of the patient with CAVD/AVS, examination of all four cardiac valves and checking for other lesions that might be mistaken for aortic valvular disease are important; e.g., other diagnostic possibilities might include a subaortic membrane, mitral regurgitation, ventricular septal defect, and hypertrophic cardiomyopathy [13, 41, [45] [46] [47] [48] [49] [50] . A thorough examination encompasses exclusion/confirmation of each differential diagnosis, as well as the appraisal of the aortic valve itself. Echocardiography, cardiac computed tomography (CT), magnetic resonance imaging (MRI), and positron emission tomography (PET) each offer advantages and disadvantages, and sometimes at least two modalities are needed to get comprehensive, accurate data.
Echocardiography
Asymptomatic patients with suggestive murmurs at screening auscultation benefit from early diagnosis, which can guide the use of prophylactic regimens to prevent bacterial endocarditis. Echocardiography (transthoracic, complemented with transesophageal 3D ultrasound [51] that allows better visual appreciation of the evolving morphology of calcific nodular deposits) is the primary noninvasive imaging modality used to diagnose and manage severe AVS. It is valuable for serial examinations, in identifying appropriate patients for surgical/ percutaneous interventional procedures, in permitting interventional intraprocedural guidance, and for convenient postprocedural follow-up for early detection of complications [52] [53] [54] . 3D echocardiographic orifice area measurements are more accurate than either with two-dimensional (2D) planimetry or the continuity equation (see below), because 3D makes possible exact en face alignment of the cut planes to the valve allowing reliable and straightforward identification of the narrowest area [13, 51, 55] .
Quantitation of valvular thickness is constrained by the technical characteristics of ultrasound, but an evaluation of leaflet structure, reflectance, and mobility when feasible, is desirable. Nodular thickening of one or more of the aortic cusps is an early echocardiographic sign of age-related degeneration and CAVD; the thickening is usually located in the vicinity of the nodule of Arantius or at the base of the commissures. The ultrasound-based imaging evaluation of myocardial deformation-related parameters provides efficient insights into myocardial dynamics in patients with CAVD and can supply wide-ranging and robust information for monitoring LV systolic and diastolic properties and function.
Strain echocardiography allows objective assessment of myocardial mechanics and of segmental and global LV systolic performance; evaluation of longitudinal (LS), radial (RS), and circumferential (CS) LV myocardial strains is accurate and reproducible [56] . Doppler tissue imaging (DTI) and speckle tracking echocardiography (STE) have shown that pathological LV hypertrophy leads to increased LV mass with most patients displaying depressed LS, CS, and RS [57] . Contrariwise, physiological hypertrophy in endurance athletes presents enhanced LS, CS, and RS values, with preserved or enhanced LV systolic and diastolic performance. Moreover, endurance exercise training may delay age-related deterioration of LV longitudinal function [58] . These echocardiographic findings distinguish pathological from physiological hypertrophy (see Section on Contrasting Physiological and Pathological Cardiac Hypertrophy in the companion Part 2 of this Article); however, studies on the effects of endurance training on rotational mechanics (LV torsion, or twisting and untwisting [45, 59] ) have shown conflicting results. 2D and 3D Doppler velocimetry are suitable means both for gauging the severity of AVS by measuring orifice jet velocity and pressure gradients-a mean gradient ≥30 mmHg usually represents clinically significant aortic stenosis-and for estimating the aortic valve area by applying the continuity equation [13, 51, [60] [61] [62] [63] [64] [65] [66] .
Cardiac Catheterization
Although there is no longer a Broutine^cardiac catheterization, in cases in which the echocardiographic estimates are not in line with clinical findings, cardiac catheterization is advocated for a definitive hemodynamic evaluation [13, 46, 67] ; diagnostic interventions made in the catheterization laboratory include the use of dobutamine in low-flow states, and exercise hemodynamics. Hemodynamic catheterization needs to be done with meticulous attention to detail and performed by persons with knowledge and expertise [67] . However, pressure gradient in AVS may be misleading in patients with poor LV function.
Because of their strong dependence on applying flow rates (see Fig. 2 ) [13, [68] [69] [70] [71] [72] , high transvalvular-pressure gradients are contingent upon adequate cardiac output and absence of severe LV systolic dysfunction; obversely, the gradient is 0 when there is no cardiac output. While aortic valve replacement is generally justified if severe AVS is proved, patients with primary LV myocardial dysfunction and a resulting diminished aortic valve opening do not benefit from valve replacement [73] . Distinguishing between the two situations is necessary but not possible with echocardiography at rest. Pseudo-severe AVS, in which a nonsevere stenosis seems severe because of concomitant LV dysfunction from other causes resulting in low flow and consequently a reduced valve opening, can be reliably verified/ruled out by applying positive inotropic stimulation with dobutamine stress echocardiography [74, 75] .
Conversely, patients with low LV ejection fraction (LVEF) but resting peak aortic velocity ≥4.0 m/s or mean transvalvular gradient ≥40 mmHg do not actually have LV systolic dysfunction as the apparently reduced LVEF in these patients is only a consequence of the high afterload, and LV function and EF are likely to rise after relief of the severe stenosis with outflow obstruction. The majority of all patients with severe AVS and LV systolic dysfunction belong to this category. The transvalvular gradients are exaggerated in settings of elevated cardiac output (e.g., exercise, anemia, serious sepsis) [13, 76] . Aortic valve area planimetry by transesophageal 3D echocardiography affords an anatomic measurement; there is, however, a strong Borifice^shape dependence of the ratio of anatomic/ effective valve area and also of the coefficients A and B in Eq. 1 (unsteady Bernoulli equation; see next section).
CT, MRI, PET, and Combined PET/CT
Because of the requirement for ionizing radiation and radiocontrast agents, CT has a restricted role in the diagnosis, serial assessment, and surveillance of AVS/CAVD as primary indication. It may sometimes be employed as such if echocardiographic results are inconclusive and there are contraindications for MRI (http://www.mrisafety.com/TheList_search. asp). Nevertheless, with the introduction of subsecond rotation coupled with multislice CT (up to 320 slices), high speed and high resolution can be achieved together, permitting first-rate imaging of the coronary arteries (cardiac CT angiography). Accordingly, CT use for noninvasive coronary angiography is increasing, and advantageous information on valve anatomy and function can be acquired alongside a coronary examination. In more sophisticated applications, CT with PET can be used to provide even more detailed, reproducible, and accurate assessment of the calcific burden along with spatiotemporal displays of the calcific processes occurring within the valve [77] .
Combined PET/CT is a high-tech, noninvasive, reliable diagnostic method for measuring the degree of valve inflammation Fig. 2 Top panels: In a patient with AVS, the congruence in the simultaneously measured flow waveform shapes by transthoracic continuous wave Doppler (CWD) and by an intravascular catheter-mounted electromagnetic flowmeter (EMF) probe is striking. Bottom panels: The marked dependence of the flow-driving pressure gradient values on the matching flow velocities is clear. The high frequency fluctuations on the downstroke of the aortic root EMF velocity waveforms and on the aortic root systolic pressure tracing in AVS are characteristic of the inception of turbulence-decelerating flows are relatively unstable, as a rule, whereas accelerating flows (upstroke) tend to be more stable. These fluctuations tend to be more prominent during even a modest intensity exercise, because of the rise in turbulence intensity ensuing with the higher transvalvular ejection velocities. LV left ventricular, Ao aortic, C chamber; P pressure. Adapted with permission of PMPH-USA from Pasipoularides [13] and calcification in CAVD. It combines functional data from PET with delineated anatomical information from CT. Thus, fused PET/CT images on the same gantry allow quasisimultaneous image acquisition to localize specific biochemical/pathobiologic processes to individual structures. In principle, any biochemical process can be investigated, utilizing a suitable PET tracer, consisting of a positron emitter, such as Carbon-11 ( ) , produced within a medical cyclotron and attached to molecular agents that target the biochemical process concerned. This approach affords a potential method for gauging CAVD pathobiologic activity (e.g., inflammatory signaling in CAVD), which might then allow prediction of disease progression and could serve to identify proxy end points in investigations/trials of innovative therapies, capable of modifying disease progression.
Translational Fluid Dynamic Focus on AVS
Hypertrophy is a morphomechanical cardiac adaptation to an increased workload. A physiological hypertrophy occurring during pregnancy or with exercise training is a normal hypertrophic response that is associated with preservation of LV function. In contrast, a pathological hypertrophy as occurs with CAVD is a hypertrophic response that predisposes to or progresses to heart failure. Exactly how is pathological differentiated pathogenetically from physiological cardiac hypertrophy? This riddle persists as an important question in basic cardiovascular research with clinically far-reaching translational repercussions. The comprehensive solution to the enigma will be most illuminating and fruitful in understanding and managing pathogenetic processes/stimuli and the molecular derangements underlying hypertrophic heart disease and possible heart failure arising in response to CAVD. In recent years, the influence of the nature of pathogenetic hemodynamic factors/stimuli on the development of cardiac hypertrophy can be evaluated effectively with highfidelity instrumentation for measurements on human patients and experimental animals [13] .
In perspicaciously examining hemodynamic measurements, one should keep in mind some important facts, as follows: Fluid dynamic principles previously discussed in detail [13, 46, 48, [78] [79] [80] [81] [82] [83] show that ejection should be associated with considerable pressure gradients and intraventricular and transvalvular pressure differences, even in the absence of obstruction. At times, multisensor catheter gradients measured by micromanometers 5 cm apart in normal subjects may transiently exceed 25 mmHg (or 5 mmHg/cm) during submaximal (five to six METs) supine ergometric bicycle exercise. As aortic valvular stenosis develops, the maintenance of adequate levels of LV output requires progressive obligatory increases in linear velocity through the narrowed valve. Peak linear velocities in excess of 5 m/s (vs. ≈1 m/s normal) can be attained in the vicinity of the stenosed orifice and beyond, in the jet of turbulent flow at the aortic root. Because representative velocities in the deep chamber are of the order of 0.1 m/ s, it follows that, compared with normal, strong intensification of convective acceleration effects (occurring when the flow is nonuniform, i.e., if the velocity changes with position along the flow) takes place in the subvalvular region of the ejecting chamber (see Fig. 3 ). This accounts for the strikingly accentuated ejection pressure gradients that are quantified by the unsteady Bernoulli equation, as will be shown below.
Moreover, there are not only quantitative but also qualitative differences between obstructive and nonobstructive ejection gradients, just as there is a fundamental dissimilarity between accelerating a fluid by means of a piston in a uniform tube and accelerating it by means of a constriction. Accordingly, proper interpretation of systolic physiological and pathological ejection pressure gradients requires much more information than simply their magnitude. Consider the fluid dynamics of ventricular outflow orifice stenosis. The large obstructive micromanometric pressure gradient tends to be quite symmetric and Brounded^and closely tracks the ejection flow waveform, as does the characteristic crescendo-decrescendo high-frequency murmur. This large gradient is, in fact, associated with a relatively low peak volumetric outflow rate recorded simultaneously at the aortic root. It is the greatly augmented contribution of the convective acceleration, or Bernoulli, component (see below) to the total measured systolic pressure gradient in aortic or pulmonic stenosis that causes it to be more in-phase with the ejection velocity than is seen normally. As previously emphasized [13, 46, 47] , this is equally as important a hemodynamic hallmark of severe aortic stenosis as the augmentation of the magnitude of the driving pressure gradient.
The Greatly Amplified Intrinsic (Intraventricular) Portion of the Total Systolic Load Figure 3 encompasses in a nutshell salient fluid dynamic aspects of AVS. A left-heart catheter with two laterally mounted solid-state micromanometers, one at the catheter tip and the other 5 cm proximally, was used to obtain the tracings; an electromagnetic velocity probe was mounted at the level of the proximal micromanometer. In the top panel A, both micromanometers are deep in the chamber, and a barely discernible pressure Bgradient^is associated with the small, slowly rising, deep-chamber velocity waveform. The substantial energy needed to accelerate the outflow across the stenotic valve opening is revealed by the large systolic pressure drop between the deep LV chamber and the vicinity of the orifice (top panels B and C) and reflects the greatly increased intrinsic component of the total systolic load, according to the theory that I have formulated and applied in previous publications [13, 46, 47, [78] [79] [80] 84] .
In the third beat of panel B of Fig. 3 , the downstream micromanometer and the velocimeter are in the immediate vicinity of the stenosed orifice, and the measured gradient is increased along with the velocity. Interestingly, in the third beat of the panel, where the velocity is highest, the downstream pressure exhibits a prominent mid-systolic dip coincident with peak velocity. Such a Bdip^requires meticulous effort to be demonstrated in aortic stenosis, although a largescale counterpart is typically present in micromanometric recordings from the outflow tract or the aortic root in cases of hypertrophic cardiomyopathy with large dynamic systolic gradients [13, 41, 46, 48] . This is a good example of the important, albeit subtle, hemodynamic measurement findings and insights that are within the province of the translational cardiologist with requisite preparation in and understanding of cardiac fluid dynamics, while appearing to be Baccidents^with-out apparent cause and void of any significance for the more casual observers.
As is detailed elsewhere [13, 46] , it is my view, based on fluid dynamic analytic considerations and experience with micromanometric/velocimetric human catheterization data with and without outflow obstruction, that such a dip represents an unmistakable hallmark of intensified convective acceleration effects. In the aortic stenosis tracing in Fig. 3 panel B, note that the instantaneous pressure gradient is maximum at the inscription of the mid-systolic dip, right at the time when Micromanometric signals obtained by a left-heart Millar Bdouble-tipĉ atheter-5 cm distance between the two micromanometers-during multisensor catheter pullback revealing that the Btransvalvular^pressure gradient in AVS is, nearly in its entirety, intraventricular in origin: Bmagnifying lens^inset (see text discussion). AO aortic root pressure, LV deep left ventricular pressure, LVOT left ventricular outflow tract pressure, ECG electrocardiogram, RS respiration signal. Top panels, slightly modified from Pasipoularides [46] with permission of the American College of Cardiology. Bottom panel, reproduced with permission of PMPH-USA from Pasipoularides [13] the velocity and its square attain their peak values; this is exactly as required by a flow process dominated by convective acceleration effects according to the unsteady Bernoulli equation. Alternatively, the dip can be viewed as a reflection of the transformation of ventricular flow work or Bpressure energy^into the kinetic energy of the flow through the converging field of the stenosed orifice. Setting aside simple hydrostatic effects, the unsteady Bernoulli equation for the instantaneous pressure drop across an axial segment Δs, in terms of the applying flow rate, Q, and its rate of change with time, t, is as follows [13, 46, 78 ]:
Here, A and B are integration coefficients depending both on the applying instantaneous ventricular chamber geometry and the outflow Borifice^/opening shape, as well as on the shape of the ejection velocity curve; s denotes axial coordinate, and the subscript r signifies a reference position (for example, the aortic ring) for measurement of the volumetric flow rate, Q r . Q represents the flux of axial velocity through a flow cross-sectional area; the time derivative ∂Q r /∂t can be derived from the Q r curve by numerical time differentiation.
In the top C panel of Fig. 3 , the proximal pressure sensor is lodged in the aortic root and records the characteristically slow-rising, highly asymmetric, aortic stenosis pressure waveform in systole. This sensor and its companion electromagnetic velocity probe are slightly downstream of the obstruction, within the jet issuing from it. Highest velocity signals are recorded along with maximal peak instantaneous and mean transvalvular pressure gradients. It is these maximal values of orifice velocity and pressure drops that should be used to assess effective orifice area by both invasive and noninvasive methods [13] .
Pressure Loss Recovery Across the Aortic Valve
Compare now the pressure tracings in the top C and D panels of Fig. 3 : in D, the downstream sensors for pressure and velocity are in the region of turbulent flow in the post-stenotic dilatation of the ascending aorta. Note that the downstream pressure in D has recovered very markedly from its levels in C in conjunction with the decrease in the linear velocity and hence the kinetic energy of the flow, as required by the Bernoulli equation. Thus, although the upstream micromanometer in D still records deep LV pressure levels unchanged from those of panels A, B, and C, the downstream one records much higher systolic pressures in D than in C. In the example illustrated, the peak-to-peak pressure gradient is lower by about 20 mmHg in panel D than in panel C, as a result of the equal (20 mmHg) increase in the peak downstream pressure. These considerations explain why echocardiographically derived orifice areas in AVS yield higher effective transvalvular pressure gradient levels compared with those measured at catheterization.
Catheters used in clinical practice measure pressure in the proximal aorta, downstream from the aortic valve and beyond where (a variable) pressure loss recovery has ensued. The downstream pressure can recover very markedly in conjunction with the decrease in the linear velocity and hence the kinetic energy of the flow, as required by the Bernoulli equation. However, echocardiographic calculation of stenosed orifice area by the continuity equation uses the highest velocity of the aortic jet in the vena contracta, upstream from where pressure recovery comes about. The vena contracta is the smallest region of the aortic outflow with highest velocity jet and is typically located at or just downstream from the stenosed orifice. Accordingly, orifice area obtained by echocardiography corresponds to a higher effective transvalvular pressure gradient than that measured by multisensor leftheart catheter.
Such practical translational considerations led me to introduce in the cardiovascular literature in 1990 the intriguing phenomenon of pressure loss recovery in my survey on BClinical Assessment of Ventricular Ejection Dynamics With and Without Outflow Obstruction,^in JACC [46] . As has been noted in the international literature [85] [86] [87] , pressure loss recovery was a previously unrecognized/unreported catheterization finding at the time that I presented in that seminal paper analytical reasoning and the first micromanometricvelocimetric multisensor catheter tracings (cf. panels A, B, C, D of Fig. 3 ) demonstrating it in the ascending aorta of patients with AVS [46] .
As I further pointed out in that survey and elsewhere [13, 46] , if reduced volumetric velocities and accelerations did not prevail in AVS, the LV ejection pressures in severe cases would have to rise to levels unattainable even with very thick walls. This would occur irrespective of turbulent jet losses downstream of the stenosed valve, and despite normal or subnormal aortic root pressure levels. It is ascribable to the fact that the convective acceleration component in the subvalvular region of the outflow tract and through the vena contracta (Fig. 3) increases in proportion to the square of the velocity. Contrary to conventional thinking, it is not Bturbulent valve losses^that account for the great augmentation of ventricular load in aortic stenosis. Viscous dissipation in the separated turbulent flow beyond the stenosed valve simply accounts for the incomplete recovery of static pulsatile pressures as stream cross-section reexpands distal to the stenosis. As previously commented [13, 46] , such turbulent dissipation of kinetic energy downstream of the stenosed valve actually spares the systemic arteries from the ravages that would be associated with the substantial recovery of abnormal LV systolic pressures in excess of 200 mmHg, which are needed to rapidly force ejection through the strongly confluent subvalvular flow field (cf. Fig. 3 ).
In the context of the preceding paragraphs, it is imperative that, during the catheter pullback procedure, one should keep in mind that if the upstream (intraventricular) micromanometer is located within, or even very near, the subvalvular region of the LV chamber, the pressure gradient measured by a Bdouble-tipm icromanometric catheter withdrawn through the orifice will progressively decrease not only because of the pressure loss recovery affecting the downstream micromanometer but also because of a fall in pressure at the upstream sensor. This is a consequence of the fact that most of the convective pressure drop occurs in the subvalvular region, where the convective acceleration effect during ejection is most intense [13, 46, 49, 50, [81] [82] [83] . This tremendously important fact is strikingly demonstrated in the bottom panel of Fig. 3 : The solid-state multisensor catheter pullback reveals that the Btransvalvularp ressure gradient is, practically in its entirety, intraventricular in origin and accrues in the subvalvular region of the chamber-cf. the Bmagnifying lens^inset in Fig. 3 .
Feedbacks Actuated by CAVD-Induced Pressure Overload
Evidently, AVS-induced mechanical alterations in the LV myocardial Benvironment^may have serious pathophysiological and clinical consequences following their mechanotransduction by myocardial and, presumably, by autonomic neural cells [88] . Mechanotransduction contributes to cardiac function by initiating time-related adaptive myocardial cell and ECM morphomechanical adjustments [4, 5, 13] . As is true of other homeostatic mechanisms, mechanotransduction can be viewed as a feedback control loop initiator with vital clinical relevance, considering that it transduces forces into sarcomerogenesis (cf. Fig. 1 ) that can bring about cardiomyocyte thickening and/or lengthening. It can either stabilize, through negative feedback loops, or destabilize, through components exhibiting positive feedback, the dynamics of the system (see Fig. 4 ), demonstrating nonlinear complexity as do most integrative physiological processes [13] . Here, Bpositive^and Bnegative^do not ascribe a positive or negative final effect to the consequences of the feedback, nor do they refer to desirability of outcome.
Feedback Delays
Negative feedback mechanisms, all operating in parallel, maintain within normal range basic physiological parameters of cardiomyocyte function. Negative feedbacks entail endproduct/end-state activation and inhibition processes in which sustained deviations from target values, which represent steady-state operating levels of ventricular/cardiomyocyte function, lead to compensatory changes after a time lag that can be hard to optimize/curtail. Although negative feedback loops in which just the right amount of correction is applied with optimum timing can be very stable, accurate, and responsive, system oscillation is the characteristic symptom of physiologic negative feedback configurations in which the information used to take goal-seeking action is delayed. In such circumstances, the control action is not based on the current state of a system but on some previous state or value. Obviously, using dated information to control the approach to a target level is likely to cause the system to miss, overshoot, or subsequently undershoot its goal.
Excessive stretching of cardiomyocyte components-by too high actively developed systolic sarcomeric stresses in AVS-provoked pressure overload (PO)-induces expression of specific genes, such as immediate early-response genes (IEGs) and fetal type genes [89, 90] . IEGs are genes that are activated transiently and rapidly in response to stretch or increased developed contractile tension. They represent a readily available response machinery that is activated at the transcription level in the first round of response to the feedback stimuli, before any new sarcomeric proteins are synthesized. The IEGs are distinct from Blate response^genes [91] , which can only be activated later, i.e., following the synthesis of early-response gene products. In view of these adaptive responses, the PO-associated increased sarcomere and cardiomyocyte stretch and developed tension can in due course bring about augmented myocyte transverse diameters and LV wall thickness (see Fig. 1 ) to cope with the AVS-induced overload.
Information delays are prevalent in adaptive physiological control, so it is no surprise that oscillations are not uncommon. End-product/end-state activation and inhibition (see Fig. 4 panel A) require a type of feedback control that operates after the protein synthesis involved in sarcomerogenesis has taken place. The transcription factors regulating activation/ repression of sarcomeric protein genes quite naturally must enter the nucleus in order to exert any effect on the genomic DNA. Since they are translated, like most other proteins, in the cytoplasm they must cross the nuclear membrane to reach the chromatin, site of their action. Plainly, numerous reactions and translocations must transpire between the time that the actuating feedback signal is transduced and transmitted to the nucleus where transcription takes place-to be subsequently complemented by cytoplasmic ribosomal translation-and the time that the resulting sarcomeric protein molecules come to be fully formed, mature, and inserted in-place within the hypertrophying cardiomyocyte sarcomeres (see Fig. 1 ). Accordingly, feedback activation and inhibition encompass time delays of gene expression and adjustment implementation; these embody finite times for transduction, nuclear transmission, transcription, transcript splicing and processing, cytoplasmic translocation and protein synthesis, etc. [4, 5, 13, 41] . They can, therefore, result in oscillatory behavior of the Blevel^of the controlled system variable, viz., the stress demonstrated in Fig. 5 .
Transcriptional and allied delays can consequently drive oscillatory gene expression in regulatory gene networks. Furthermore, a variety of transcription factors-each of which is a component of a feedback activation/inhibition loop-have been observed to display oscillatory dynamics wherein their own intracellular levels vary periodically with time [93] . There is also a connection between the oscillation of gene expression and feedback adjustments relating to protein and mRNA halflives-and mRNA levels can, in turn, be altered by faster/slower degradation or by increased/decreased transcription, and protein by degradation and translation (and indeed mRNA level). where a modifies or influences b, then b influences c, and so on until ultimately some x circles back around to modify a. In a Bnegativef eedback loop, the end result of the chain of influences is that the system as a whole tends to stabilize around an equilibrium position; if the system starts to deviate one way or the other, the feedback loop tends to pull it back toward equilibrium through end-product/end-state activation or inhibition. In a Bpositive^feedback loop, the end result of the chain of influences is that over time the system as a whole moves away from equilibrium, in one direction or another, toward an abnormal condition. Top panels: The output of a negative feedback control system might appear as shown in panel A. In this case, the ratios of successive to preceding values ΔC 2 /ΔC 1 , ΔC 3 /ΔC 2 , etc., of the controlled variable C(t) are less than unity. Positive feedback may cause what is known as a vicious cycle, or it may not, depending upon the characteristics of the system, as is exemplified in panel B. In the case of the vicious cycle (unbounded response), the ratios ΔC 2 /ΔC 1 , ΔC 3 /ΔC 2 , etc., are greater than unity. When the response does not result in a vicious cycle (bounded response), the ratios ΔC 2 /ΔC 1 , ΔC 3 /ΔC 2 , etc., are less than unity. Bottom panel: Diagrammatic representation of the interrelation between contractility, load on the ventricular myocardium, and ejection variables. Note the negative feedback between the early ejection afterload and the peak velocity and acceleration of the ventricular myocardial fibers. LVEDV left ventricular end-diastolic volume, LVVpkv left ventricular volume at the time of peak velocity, PkA peak outflow acceleration, PkV peak ejection velocity. Panels A and B, reproduced with permission of PMPH-USA from Pasipoularides [13] ; panel C, adapted from Isaaz and Pasipoularides [79] , by permission of the American College of Cardiology
The foregoing considerations help explain the oscillatory/ undulating wall stress time course over the 40-week long banding period that is displayed in Fig. 5 . It is stimulating to think that already in the mid-1950s, Dr. Arthur Guyton and his collaborators [94] at the University of Mississippi Medical Center demonstrated in canine experiments the basic oscillatory mechanism of CheyneStokes breathing, which they elicited simply by increasing the circulation time from the oxygenation of blood in the lung to the stimulation of chemosensitive sites in the brainstem, by introducing a plastic tube-time delay-in the carotid artery.
Negative Feedback Mechanisms
A negative feedback loop tends to slow down an evolving process, while a positive feedback loop tends to accelerate it; in a negative feedback reaction, the system responds in such a way as to counteract the direction of change (see Fig. 4 panel  A) . Such a reaction is exemplified well by the compensatory Fig. 5 LV distending wall stress at 10 mmHg transmural pressure, P T , (top) and LV muscle stiffness at 20 g/cm 2 distending wall stress (bottom) plotted as a function of banding period in dog hearts. Observe the early increases in both stress and stiffness before substantial wall mass increase, and the oscillatory behavior of the wall stress-note the long quasiperiodicity, extending over many weeks-with the possibility of normal wall stresses occurring at three different times during hypertrophy and incipient heart failure; the system seems to oscillate about its desired normal wall stress goal. Such oscillatory behavior is inherent in any feedback regulatory process. It is referable to the inescapable fact that information delivered by any regulatory feedback loop-subserving homeostatic maintenance of developed cardiomyocyte systolic stress levels within the normal range-can affect only future behavior. It cannot deliver a signal fast enough to correct the behavior/factor that drove the current feedback signal, and using dated information to control the approach to a target systolic stress level is likely to cause the system to miss or overshoot/undershoot its goal. There are necessary delays involved in signal transmission and in implementing corrective measures-i.e., replication of sarcomeres in parallel to adjust the systolic stress level-that may overshoot and undershoot their target (see text discussion). Figure adapted from Mirsky and Pasipoularides [92] , by permission of the Federation of American Societies for Experimental Biology myocardial hypertrophy that reduces/returns rising systolic LV wall stresses to normal levels in advancing AVS. It is a form of circular causality tending to maintain a stable state; to be exact, it is a tendency to diminish or counteract change allowing the maintenance of physiologic homeostasis under changed operating conditions (Fig. 4A) [13] . However, (mal)adaptive hypertrophy commonly compromises ventricular diastolic function [59, 92, 95, 96] . Excessive wall hypertrophy resulting in subnormal wall stresses at given diastolic pressures is accompanied by increased muscle stiffness and impaired relaxation dynamics, although the rate of force development and peak active force may not be impaired [59, 92, [95] [96] [97] [98] [99] [100] . The advanced age in CAVD patients is accompanied by attendant comorbidities, such as coronary heart disease, which by themselves can bring about myocardial ischemia and diastolic abnormalities; these can act synergistically to exacerbate the diastolic impairment [13, 80, 92, 95, 96] .
LV hypertrophy in response to pulmonary artery banding (PAB) is an intriguing phenomenon [92, 101, 102] , which may be associated with augmented generalized adrenergic stimulation affecting both ventricles; such an enhanced generalized activation of cardiovascular adrenergic receptors may also account for elevated systemic resistance levels found in pulmonary arterial banded dogs [92, 103] . For pulmonary arterial banding-induced PO hypertrophy, Fig. 5 demonstrates that mechanical properties (muscle stiffness) are markedly altered before substantial increases in wall mass are observed. Most notably, however, distending LV wall stress clearly exhibits a biphasic/undulating time course over the 40-weeklong banding period: it rises early to a maximum level (arrow at maximum in Fig. 5 ), then decreases gradually to normal and subnormal levels (arrow at minimum in Fig. 5 ), as a consequence of the increasing thickness of the hypertrophying walls; it eventually increases again as the ventricle dilates with ensuing late decompensation and failure. The underlying negative feedback systems are definitely subject to oscillations caused by inherent delays around any feedback loop. Such a decaying oscillatory/undulating behavior is, as we have seen, characteristic of processes involving typical negative feedback. Similar behavior was found to simultaneously apply also for the right ventricle of the PAB dogs [92] .
The Narrow Distribution of Cardiomyocyte Diameters in PO Hypertrophy, and BMacromolecular CrowdingT he expression of a stable and narrow distribution of cardiomyocyte diameter/size in AVS-induced PO hypertrophy suggests cell-autonomous negative feedback(s) controlling size variability. Indeed, contemplation of the striking homogeneity in cardiomyocyte diameter in the hypertrophic myocardium brings in focus the obvious need for an inhibitory (negative) feedback linking the growth rate of sarcomeres-being replicated in-parallel (Fig. 1) -to the cardiomyocyte diameter. Such feedback inhibition might function by cardiomyocyte widthdependent sarcomeric protein degradation and/or other regulatory motifs acting to lessen cell-to-cell diameter inconsistency. In addition, negative feedbacks and reciprocal interactions between cardiomyocyte transverse diameter growth and tissue mechanics might be an important part of the hypertrophy process: growth and tissue mechanics cannot be studied in isolation. A general principle of how mechanics influence growth might be that the more cells are compressed transversely, the slower they grow/widen; conversely, when local differences of transverse growth occur, it is the faster-growing cells that are compressed more, curtailing their growth. It then comes to pass that the aforementioned reciprocal interactions result in a negative feedback on transverse diameter expansion, such that neighboring cell growth differences tend to be restricted.
Macromolecular mechanisms underlying these operational feedbacks need to be characterized in future studies. Sarcomeric macromolecules exist and work in an exceedingly structured and complex environment within the cardiomyocyte (endoplasmic reticulum, Golgi apparatus, cytoskeletal macromolecular assemblies/structures, etc.). Complicating the picture further, the cell interior is not merely a crowded medium, but rather an utterly crowded and confining one. Cardiomyocytes contain a lot of big molecules, especially structural (such as the giant protein, titin- Fig. 1 ) and contractile proteins, comprising not only actin, myosin, tropomyosin, and troponins but also other proteins that stoichiometrically bind to the core components and regulate cycling [104, 105] , enzymes, and nucleic acids; macromolecules develop and function within sarcoplasmic environments that are crowded with other macromolecules.
The very high total concentration of these molecules, or Bmacromolecular crowding^ [106] , has multifaceted consequences that could have an impact on many aspects of cellular growth, culminating in replication of sarcomeres in-parallel (see Fig. 1 ). Thus, the effect of volume occupancy on available volume is sensitive to the numbers, relative sizes, and shapes of the molecules already present/produced. Undercrowded conditions should promote/accelerate macromolecule generation and/or inhibit macromolecule degradation. On the other hand, reactions/processes that increase the available volume should theoretically be promoted by crowded/confining conditions; such processes would include the inhibition of macromolecule generation and/or augmentation of their degradation, the binding of macromolecules to one another, the formation of aggregates, and the folding of protein and nucleic-acid chains into more compact shapes [107] [108] [109] .
Positive Feedback Mechanisms
In positive feedback, the response is to amplify the incipient change. Positive feedback is another mode of circular causality, which-contrary to negative feedback-acts as a growthgenerating mechanism (see Fig. 4 panel B) ; i.e., the deviation of the system may grow persistently larger, displaying an unbounded response, or it may tend asymptotically toward a new value, exhibiting a bounded response. Such responses are exemplified, respectively, by the required progressive increase in contractile systolic stress per cardiomyocyte sarcomere with advancing PO in worsening AVS (Fig. 4B , unbounded response) and by the concomitant myocardial ECM fibrosis (Fig. 4B, bounded response) [13] . They typically have a destabilizing effect and are maladaptive, so they disturb homeostasis and represent an induced departure from some antecedent normal state.
Recap and Prospects
AVS brought about by calcification leading to incomplete cusp opening is the most frequent cardiac disorder, after coronary artery disease and systemic hypertension. It occurs mostly among older persons, who as it happens are commonly at high estimated surgical risk; TAVR is applied in such patients with severe symptomatic AVS. Historically, CAVD had been thought to be Bdegenerative,^the result of aging and wear of the aortic valve. This old paradigm has lost currency over the past quarter-century because of studies demonstrating that CAVD is actively mediated, with many mechanisms similar to those operative in atherogenesis. CAVD is commonly connected with systemic arterial mural histomechanical abnormalities resulting in diminished arterial compliance and holds numerous histological and molecular biological similarities to atherosclerosis, since their pathogenesis implicates signaling pathways and genetic predisposition, lipoprotein deposits, chronic inflammation, and calcification/osteogenesis. This fact has a corollary of great consequence: in the future, CAVD may well be controlled (restrained/reversed) by lifestyle and pharmacogenomics remedies, not unlike atherosclerosis. (As Shakespeare put it, Bthe wheel has come full circle^: Greek physicians from Hippocrates in the fifth century BC to Galen in the second century AD gave careful and detailed advice on how to follow a healthy diet and lifestyle [110] .) Moreover, proper management should entail a comprehensive approach that encompasses not only the aortic valve but also the left ventricle and the systemic arterial system, with their inexorably interdependent morphomechanics and hemodynamics, which underlie inception and evolution of diastolic and systolic dysfunction in CAVD patients.
Oncoming studies will be needed to better and more completely characterize the overall dynamics, encompassing intricate feedback mechanisms involving gene network cascades, specific signaling molecules, including mechanoreceptors and mechanotransducers, and hemodynamic/myocardial stresses. In this context, it should be recognized that the usually profuse complexity of the intricate signaling transduction network and feedback pathways, which are available in the working heart in situ, will render it quite challenging to recapitulate effectively, in an in vitro investigative/analytical setting, all interacting consequential mechanisms that can shape specific morphomechanical stages/outcomes during cardiac hypertrophy. In investigating the pertinent genomics and transcriptomics, post-genomic technologies such as highthroughput genotyping will certainly be of extraordinary importance for collecting the large-scale data on the genetic variations in individual patients and in population samples. In performing such big data studies, following Aristotle's paradigm, one should always remember that statistical correlation/ regression cannot by itself yield causal explanations (understanding) and prediction, although it commonly provides a useful conceptual aid and it can be a solid source of insights. In absence of a cogent, validated theoretical model, however, mere correlation does not imply causation, and one cannot predict what will result from changing either the structure of the population sample or the biochemistry of the individual(s) investigated. Bearing this in mind, our more or less rapidly developing future knowledge will right from the outset be more or less directly harvestable, allowing us to treat CAVD/AVS in the ageing population-see Epigraphs-rationally and strategically. Ethical Approval All procedures performed in studies involving human participants that are reviewed here were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments. All applicable international, national, and/or institutional guidelines for the care and use of animals in studies involving animals that are reviewed here were followed.
